Background: MAVS recruits TRAF6 to activate RLR antiviral signaling. Results: T6BM2 of MAVS is essential for TRAF6 binding and downstream signaling. Conclusion: T6BM2-mediated TRAF6 binding is required for MAVS-related antiviral response. Significance: This work provides a structural understanding of the MAVS-TRAF6 antiviral signaling.
In response to viral infection, cytosolic retinoic acid-inducible gene I-like receptors sense viral RNA and promote oligomerization of mitochondrial antiviral signaling protein (MAVS)
, which then recruits tumor necrosis factor receptor-associated factor (TRAF) family proteins, including TRAF6, to activate an antiviral response. Currently, the interaction between MAVS and TRAF6 is only partially understood, and atomic details are lacking. Here, we demonstrated that MAVS directly interacts with TRAF6 through its potential TRAF6-binding motif 2 (T6BM2; amino acids 455-460). Further, we solved the crystal structure of MAVS T6BM2 in complex with the TRAF6 TRAF_C domain at 2.95 Å resolution. T6BM2 of MAVS binds to the canonical adaptor-binding groove of the TRAF_C domain. Structure-directed mutational analyses in vitro and in cells revealed that MAVS binding to TRAF6 via T6BM2 instead of T6BM1 is essential but not sufficient for an optimal antiviral response. Particularly, a MAVS mutant Y460E retained its TRAF6-binding ability as predicted but showed significantly impaired signaling activity, highlighting the functional importance of this tyrosine. Moreover, these observations were further confirmed in MAVS ؊/؊ mouse embryonic fibroblast cells. Collectively, our work provides a structural basis for understanding the MAVS-TRAF6 antiviral response. The innate immune system senses pathogen infection via germ line-encoded pattern recognition receptors. Retinoic acid-inducible gene I (RIG-I) 3 -like receptors (RLRs) are cytoplasmic pattern recognition receptors that detect virus-derived double-stranded RNA (dsRNA). RLRs have three known members, RIG-I, melanoma differentiation-associated protein 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2) (1, 2) . They share a central DEXD/H box helicase/ATPase domain and a C-terminal domain. Except LGP2, both RIG-I and MDA5 contain two N-terminal caspase recruitment domains (CARDs). RIG-I specifically recognizes 5Ј-triphosphates and 5Ј-diphosphates of viral dsRNA via its C-terminal domain (3, 4) . Binding of viral dsRNA to RIG-I releases its CARDs from a closed autoinhibited state, leading to an active conformation (5) (6) (7) . The free CARDs of RIG-I is then ubiquitinated by the E3 ligase tripartite motif-containing protein 25 (TRIM25) (8) . Lys-63-linked ubiquitination of RIG-I, as well as non-covalent binding of unanchored Lys-63 ubiquitin chains to RIG-I synergistically promotes the oligomerization of its CARDs, whereas filamentation of RIG-I surrounding long viral dsRNA also results in clustering of its CARDs (8 -11) . In this regard, MDA5 mainly senses long viral dsRNA and assembles into filament along dsRNA, which facilitates the oligomerization of its CARDs (12) . Due to the lack of CARD, LGP2 alone cannot activate an antiviral response but instead functions as a positive or negative regulator of RLR signaling (13, 14 enhances the RNA-binding ability of MDA5 and regulates MDA5 filament assembly to activate antiviral signaling (15) . RIG-I and MDA5 directly interact with mitochondrial antiviral signaling protein (MAVS; also called VISA or IPS-1), a critical downstream adaptor, to trigger signal transduction (16 -19) . MAVS is composed of an N-terminal CARD, a long unstructured loop containing a proline-rich region, and a C-terminal transmembrane domain ( Fig. 1A) . Using the oligomers of RIG-I or MDA5 CARDs as templates, MAVS can form a large filament via CARD-mediated homotypic interactions on the surface of the mitochondrion (20 -22) . The MAVS filament recruits multiple tumor necrosis factor receptor-associated factor (TRAF) family proteins, such as TRAF2, TRAF3, TRAF5, and TRAF6, via its TRAF-interacting motifs (TIMs) (17, (23) (24) (25) (26) (27) . These TRAF proteins are E3 ligases that can activate downstream TRAF family member-associated NF-B activator-binding kinase 1 (TBK1)/IB kinase ⑀ (IKK⑀) and IKK␣/␤, which in turn activate the transcription factors interferon regulatory factor (IRF) 3/7 and NF-B. Activated IRF3/7 and NF-B translocate to the nucleus to induce the expression of type I interferons (IFNs) and proinflammatory cytokines.
TRAF proteins act as crucial adaptors and E3 ligases in signal transduction important for immunity and development (28, 29) . For example, TRAF proteins are intensively involved in RLR, Toll-like receptor, NOD-like receptor, TNF receptor, and cytokine receptor signaling. They recognize distinct TIMs in upstream regulators through their C-terminal TRAF domains. Several TRAF proteins, including TRAF2, TRAF3, and TRAF6, in complex with various partners have been structurally characterized, which reveals the specific recognition motifs of different TRAF proteins (30 -38) . Most TRAF proteins possess an N-terminal RING finger domain followed by several zinc fingers. TRAF proteins display E3 ligases activity and mediate Lys-63-linked polyubiquitination to modulate functions of substrate molecules via their RING finger domains (39) . In Tolllike receptor and NOD-like receptor signaling, TRAF6 recruits and activates NF-B essential modulator-IKK␣/␤ and TGF-␤activated kinase 1 (TAK1)-binding protein 1/2/3-TAK1, resulting in the activation of NF-B and AP-1, whereas TRAF3 recruits IKK␣ and TBK1/IKK⑀ to facilitate IRF3/7 phosphorylation and activation, both of which depend on their E3 ligase activities and Lys-63-linked polyubiquitination (29) . The regulatory effect of TRAF proteins on RLR signaling is controversial. MAVS has three potential TIMs, named TRAF2/3-binding motif (T2/3BM, 143 PVQDT 147 ) and TRAF6-binding motifs 1 and 2 (T6BM1, 153 PGENSE 158 ; T6BM2, 455 PEENEY 460 ) (17) . The T2/3BM and T6BM1 are located in the proline-rich region of MAVS, whereas the T6BM2 is adjacent to the transmembrane domain. A group of studies indicate that MAVS associates with TRAF2 and TRAF3 via T2/3BM and associates with TRAF6 via T6BM1/2 (16, 17, 23) . Deletion or mutation of TIMs impairs the binding of MAVS with TRAF proteins and the activation of NF-B and interferon-stimulated response element (ISRE). Moreover, deletion of T6BM2 resulted in a stronger effect than did T2/3BM or T6BM1 deletion, suggesting that T6BM2 plays a more important role in MAVS-mediated antiviral function. However, the interaction between MAVS and TRAF6 has not been structurally characterized.
Here, we identified the T6BM2 of MAVS, but not the T6BM1, as the primary binding site of TRAF6 and determined the crystal structure of T6BM2 in complex with the TRAF_C domain of TRAF6 to 2.95 Å resolution. Mutations on the interface that disrupt MAVS-TRAF6 complex assembly significantly impaired downstream antiviral signaling. Of particularly interest, a MAVS mutant, Y460E, which was designed to retain its TRAF6-binding ability, could indeed bind TRAF6 as does wild type MAVS but could no longer elicit an optimal antiviral response, indicating a critical role of tyrosine 460. Overall, our work provides a structural basis to further study MAVS-TRAF6 signaling.
Experimental Procedures
Cloning, Protein Expression, and Purification-The TIMs of human MAVS, T2/3BM (amino acids 138 -153), T6BM1 (amino acids 149 -165), and T6BM2 (amino acids 449 -467) were cloned into pET28a with an N-terminal glutathione S-transferase (GST) tag. The TRAF domain (amino acids 310 -504) and TRAF_C domain (amino acids 346 -504) of human TRAF6 were cloned into pET28a with an N-terminal maltosebinding protein (MBP) tag and a C-terminal His 6 tag, respectively. All constructs were expressed in Escherichia coli BL21 (DE3) CodonPlus cells. Protein expression was induced by 0.25 mM isopropyl ␤-D-thiogalactopyranoside at A 600 ϭ 1.0 in Terrific Broth medium, and cells were cultured for an additional 18 h at 22°C. Cells were harvested by centrifugation and stored at Ϫ20°C.
All purification procedures were performed at 4°C unless otherwise stated. Cells were resuspended in lysis buffer A (20 mM HEPES, pH 7.5, 300 mM NaCl, 5% glycerol, 1 mM EDTA, and 1 mM DTT) for GST-and MBP-tagged proteins or in lysis buffer B (20 mM HEPES, pH 7.5, 500 mM NaCl, 5% glycerol, 1 mM DTT, and 20 mM imidazole) for His-tagged protein and lysed by a high pressure homogenizer (JNBIO3000 Plus) at 1,200 bars. Cell debris was removed by centrifugation at 22,000 ϫ g for 40 min. The soluble fractions for GST-tagged MAVS TIMs were applied to glutathione-Sepharose (GE Healthcare) pre-equilibrated with lysis buffer A, and the proteins were eluted with 20 mM HEPES, pH 7.5, 300 mM NaCl, 5% glycerol, 1 mM EDTA, 1 mM DTT, and 20 mM reduced glutathione. The soluble fraction for MBP-tagged TRAF6 TRAF domain was applied to amylose resin (New England Biolabs) pre-equilibrated with lysis buffer A, and the proteins were eluted with 20 mM HEPES, pH 7.5, 300 mM NaCl, 5% glycerol, 1 mM EDTA, 1 mM DTT, and 20 mM maltose. The soluble fraction for His-tagged TRAF6 TRAF_C domain was applied to nickel-Sepharose (GE Healthcare) pre-equilibrated with lysis buffer B, and the proteins were eluted with 20 mM HEPES, pH 7.5, 500 mM NaCl, 5% glycerol, 1 mM DTT, and 300 mM imidazole. To obtain untagged TRAF6 TRAF domain, the MBP tag was removed by His-tagged tobacco etch virus protease and rebound to nickel-Sepharose to remove tobacco etch virus protease. Proteins were then concentrated and applied to a HiLoad 16/60 Superdex 75 pg column pre-equilibrated with 20 mM HEPES, pH 7.5, 200 mM NaCl, 1 mM EDTA, and 1 mM DTT for GST-tagged MAVS TIMs and with 20 mM Tris, pH 7.5, 200 mM NaCl, and 1 mM DTT for His-tagged TRAF6 TRAF_C domain.
Protein of MBP-tagged and untagged TRAF6 TRAF domain were further purified by HiLoad 16/60 Superdex 200 pg column pre-equilibrated with 20 mM HEPES, pH 7.5, 100 mM NaCl, and 1 mM DTT. The purity of target proteins was monitored by SDS-PAGE.
Proteins of MAVS mutants were expressed and purified as wild type GST-tagged MAVS TIMs. For cellular assays, FLAGtagged full-length MAVS and TRAF6 were cloned into pcDNA3.1.
MBP Pull-down Assay-MBP-tagged TRAF6 TRAF domain was coupled on amylose resin and then mixed with various versions of MAVS proteins at 4°C for 2 h in 20 mM HEPES, pH 7.5, 200 mM NaCl, 1 mM EDTA, and 1 mM DTT. The resin was washed two times with the same buffer. Proteins were eluted with 20 mM HEPES, pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, and 20 mM maltose. The input and output samples were loaded to SDS-PAGE and detected by Coomassie Brilliant Blue staining.
Bio-layer Interferometry Experiment-Bio-layer interferometry (BLI) was performed using Octet Red 96 (ForteBio) as described previously (40) . The TRAF6 TRAF domain was labeled by biotin in 20 mM HEPES, pH 7.5, 100 mM NaCl, and 1 mM DTT at 25°C for 1 h. Biotinylated TRAF6 TRAF domain was immobilized on streptavidin (SA) biosensors and then incubated with different proteins of MAVS constructs in kinetics buffer (20 mM HEPES, pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.01% BSA, and 0.001% Triton X-100). All binding experiments were performed at 25°C. The experiments contained five steps: 1) baseline acquisition; 2) loading of biotinylated proteins onto SA biosensor; 3) second baseline acquisition; 4) association of interacting protein for k on measurement; and 5) dissociation of interacting protein for k off measurement. Data were analyzed using Octet Data Analysis software version 7.0 (ForteBio). Equilibrium dissociation constants (K d ) were calculated by the ratio of k off to k on .
Crystallization, Structure Determination, and Refinement-For crystallization, the T6BM2 peptide ( 450 GPCHGPEENEYK-SEGTFGI 468 ) of MAVS was synthesized (Scilight-Peptide, Beijing, China). Before crystallization, the protein of TRAF6 TRAF_C domain was incubated with the T6BM2 peptide of MAVS on ice for 1 h. Crystallization trials were carried out at 18°C by the sitting drop vapor diffusion method. The sitting drops consisted of 1 l of protein solution and 1 l of reservoir solution and were equilibrated against 100 l of reservoir solution. Crystals appeared after several days in reservoir solution consisting of 6% (v/v) Tacsimate, pH 6.0, 0.1 M MES, pH 6.0, and 25% (w/v) polyethylene glycol 4000. The crystals were then soaked in a cryoprotection solution composed of 6% (v/v) Tacsimate, pH 6.0, 0.1 M MES, pH 6.0, 25% (w/v) polyethylene glycol 4000, and 10% glycerol and flash-frozen in liquid nitrogen.
X-ray diffraction data were collected on beamline BL17U at the Shanghai Synchrotron Radiation Facility and processed using HKL2000 (41) . The structure was solved by molecular replacement with the program Phaser-MR in Phenix using the TRAF6 TRAF_C domain (Protein Data Bank code 1LB4) as a search model (33, 42, 43) . The structure was refined using phenix.refine, and model building was performed in Coot (44, 45) .
Luciferase Reporter Assay-HEK293T cells were cultured in DMEM supplemented with 10% FBS, penicillin, and streptomycin and transfected with IFN␤-Luc or ISRE-Luc and different constructs of FLAG-tagged MAVS or TRAF6. The expression of FLAG-tagged MAVS and TRAF6 was detected by Western blot using anti-FLAG antibody (F3165, Sigma). Luciferase activities were determined using the Dual-Luciferase assay system (Promega) and then calculated as the ratio of luciferase/Renilla activity.
Quantitative PCR-MAVS Ϫ/Ϫ mouse embryonic fibroblast (MEF) cells were cultured in DMEM supplemented with 10% FBS, penicillin, and streptomycin and then electrotransfected with different constructs of FLAG-tagged MAVS and infected with Sendai virus (SeV). Total RNA was isolated and reverse transcripted to cDNAs, which were then used as template for a quantitative PCR assay. The quantitative PCR assay was performed on a CFX96 TM real-time PCR detection system (Bio-Rad). Real-time PCR Master Mix (Toyobo) was used to detect and quantify the mRNA level of the target gene. GAPDH was used as an internal control. The primers used were as follows: mIFN␤, 5Ј-AGCTCCAAGAAAGGACGAACA-3Ј (forward) and 5Ј-GCCCTGTAGGTGAGGTTGAT-3Ј (reverse); mGA-PDH, 5Ј-TTGTCATGGGAGTGAACGAGA-3Ј (forward) and 5Ј-CAGGCAGTTGGTGGTACAGG-3Ј (reverse); MAVS, 5Ј-CAGGCCGAGCCTATCATCTG-3Ј (forward) and 5Ј-GGGC-TTTGAGCTAGTTGGCA-3Ј (reverse).
Results

T6BM2 of MAVS Is the Major Site for Binding TRAF6 -To
experimentally determine which of the three TIMs (T2/3BM, T6BM1, or T6BM2) in MAVS is the primary binding site of TRAF6, we constructed and purified these TIMs of MAVS with a GST tag and the TRAF domain of TRAF6 with a MBP tag. An MBP pull-down assay was used to determine the interaction between GST-tagged TIMs of MAVS and the MBP-tagged TRAF domain of TRAF6. As shown in Fig. 1B , MBP alone could not pull down any MAVS TIM, whereas MBP-tagged TRAF6 could specifically pull down GST-tagged MAVS T6BM2 but not MAVS T2/3BM or T6BM1. Furthermore, we used a BLI experiment to confirm these observations. There was no response when either the T2/3BM or T6BM1 of MAVS was added to TRAF6 in the BLI experiment, whereas the T6BM2 showed a strong binding to the TRAF domain with a K d of 36 nM (Fig. 1, C and D) . Together, these results indicate that it is T6BM2 that serves as the primary site for direct interaction with TRAF6.
We next evaluated whether the TIMs of MAVS are evolutionarily conserved. The amino acid sequences of MAVS proteins from several species, including mammals and zebrafish, were aligned (Fig. 2) . The T6BM2 and T2/3BM are highly conserved in mammals and even in zebrafish, whereas the sequence of the T6BM1 varies. For example, the proline at the ϩ1 position in T6BM1 (PGENSE) is changed to leucine in some species, whereas the second glutamate at the ϩ6 position in T6BM1 (PGENSE) is changed to lysine or arginine in others. Consistent with the above results and previous reports, these observations also suggest that T6BM2 could play a critical role in MAVS-TRAF6 signaling.
Crystal Structure of the MAVS-TRAF6 Complex-To dissect at atomic level the detailed interaction mode between MAVS and TRAF6, we solved the crystal structure of TRAF6 TRAF_C domain in complex with MAVS T6BM2 peptide at 2.95 Å resolution by molecule replacement using the TRAF6 TRAF_C domain as a search model ( Fig. 3 (A-C) and Table 1 ) (33) . The model was refined to a final R work of 18.7% and an R free of 23.8%. There are two copies of the MAVS-TRAF6 complex in one asymmetric unit, and their structures are very similar. Several N-terminal and C-terminal flexible residues in both the TRAF_C domain and T6BM2 are disordered in the structure.
The root mean square deviations of superimposition for all atoms and C␣ of the two copies are 0.348 and 0.336 Å, respectively. Therefore, we chose the copy with more defined MAVS amino acids in the crystal for subsequent structural analysis.
The MAVS T6BM2 binds to the canonical adaptor-binding groove of TRAF6 TRAF_C domain with a total interface of 517 Å 2 . The T6BM2 forms an intermolecular ␤ sheet with the strand ␤7 of the TRAF_C domain, which is maintained by a series of hydrogen bonds, mainly between the main chains of residues Glu-456, Asn-458, and Tyr-460 in MAVS and residues Pro-468, Gly-470, and Gly-472 in TRAF6 (Fig. 3D ). Pro-455, a (49, 50) . Crucial residues of MAVS TIMs potential for TRAF proteins binding are marked with asterisks.
highly conserved MAVS residue, is embedded in a hydrophobic pocket formed by residues Met-450 in strand ␤6 and Phe-471 and Tyr-473 in strand ␤7 of TRAF6 (Fig. 3E) . Residue Glu-457 of MAVS extends to and contacts the ␤6/␤7 loop of TRAF6, forming hydrogen bonds with the main chains of Leu-457 and Ala-458 of TRAF6. On the other side of the intermolecular ␤ sheet, the side chains of MAVS residues Asn-458 and Tyr-460 spread on the molecular surface formed by strands ␤2, ␤3, ␤4, and ␤7 of TRAF6 (Fig. 3F ). In this region, residue Tyr-460 of MAVS interacts with Val-374 and His-376 in strand ␤2, Arg-392 and His-394 in strand ␤3, and Arg-466 in the ␤6/␤7 loop of TRAF6 through hydrophobic effect and Van der Waals force. In addition, the carboxamide and main chain of residue Asn-458 form two hydrogen bonds with the guanidinium group of Arg-392 from TRAF6. Taken together, the assembly of the MAVS-TRAF6 complex depends on extensive interactions between MAVS T6BM2 and the adaptor-binding groove of TRAF6.
Structural Comparison of the TRAF6 TRAF Domain-mediated Complexes-Structures of the TRAF6 TRAF_C domain in complex with receptor activator of NF-B (RANK) and CD40 have been reported (33) . Compared with structures of RANK-TRAF6 and CD40-TRAF6, the structure of MAVS-TRAF6 complex more resembles that of RANK-TRAF6 ( Fig. 4, A-C) . Residues at the ϩ4 position of MAVS and RANK T6BMs are aspartate and asparagine, respectively, and residues at the ϩ6 position of both T6BMs are tyrosine, whereas residues at the ϩ4 and ϩ6 positions of CD40 T6BM are isoleucine and phenylalanine, respectively (Fig. 4, B-D) . Notably, distinct conformations were observed for the tyrosine at the ϩ6 position of MAVS (Tyr-460) and RANK T6BMs and the phenylalanine at the ϩ6 position of CD40 T6BM as well as for the interacting residue Arg-392 in the TRAF6 TRAF_C domain. In the MAVS/ RANK-TRAF6 complexes, residue Arg-392 of TRAF6 forms hydrogen bonds with Pϩ4 residues of MAVS and RANK T6BMs as well as ion-interaction with the Pϩ6 tyrosine, the side chain of which clings to the molecular surface of the complexes (Fig. 4, B and C) . By contrast, residues at the ϩ4 and ϩ6 positions of CD40 T6BM adopt another type of conformation, with their side chains pointing in opposite directions relative to those observed in MAVS/RANK-TRAF6 structures (Fig. 4D ). As such, isoleucine (Pϩ4) and phenylalanine (Pϩ6) of CD40 T6BM form a hydrophobic cluster with Arg-392, Phe-410, and Val-474 of TRAF6, whereas the guanidinium group of Arg-392 in TRAF6 deviates from this core region. Such conformational variations are mainly due to the nature of residues at the ϩ4 and ϩ6 positions of T6BMs. The ϩ4 position of CD40 is occupied 
Crystal Structure of the MAVS-TRAF6 Complex
by a hydrophobic residue, namely isoleucine, instead of aspartate or asparagine, whereas its ϩ6 position is a phenylalanine. Thus, in the CD40-MAVS complex, the guanidinium group of TRAF6 Arg-392 repels the hydrophobic core with its side chain pointing away from the Pϩ4 isoleucine. However, in the MAVS/RANK-TRAF6 complexes, either aspartate or asparagine at the ϩ4 position would favor hydrogen bonding with the guanidinium group of TRAF6 Arg-392. As such, the side chain of the Pϩ6 tyrosine would have to point away from the Pϩ4 residue of MAVS/RANK. These analyses indicate that residues at the ϩ1, ϩ3, ϩ4, and ϩ6 positions of T6BM are important for interaction with TRAF6, whereas the electrostatic properties of Pϩ4 and Pϩ6 residues play a critical role in determining the specific local conformations of TRAF6-related complexes. Mutational Analysis of Interface Residues of the MAVS-TRAF6 Complex-Based on the above mentioned structural information, we constructed several mutants of MAVS T6BM2, including P455D, E457A, Y460A, and Y460E, to assess the potential effect of individual residues on MAVS-TRAF6 interaction. An MBP pull-down assay showed that mutations P455D, E457A, and Y460A of MAVS T6BM2 completely disrupted or substantially weakened its interaction with TRAF6 ( Fig. 5A) . In terms of the structural analyses, P455D of MAVS would impair its hydrophobic packing with Met-450, Phe-471, and Tyr-473 of TRAF6, and the introduced charge of the side chain would generate a repelling force to disrupt the complex. Meanwhile, E457A would remove its hydrogen bonding with Leu-457 and Ala-458 of TRAF6. Y460A would not only reduce its hydrophobic interaction and Van der Waals contacts with Val-374, His-376, His-394, and Arg-466 of TRAF6 but would also impair its ioninteraction with Arg-392 of TRAF6. By contrast, the MAVS T6BM2 mutant Y460E can efficiently interact with TRAF6 with a binding affinity comparable with that of wild type protein. From a structural point of view, a glutamate at 460 might maintain the complex assembly via interaction with Arg-392 or His-376. These observations are consistent with the notion that the residue at the ϩ6 position of the TRAF6-interacting consensus sequence should be an aromatic or acidic residue, whereas the conserved Pϩ1 proline and Pϩ3 glutamate are key residues for TRAF6 binding (33) .
Subsequently, we used a BLI experiment to independently evaluate the importance of MAVS residues Pro-455, Glu-457, and Tyr-460 for TRAF6 binding. Consistent with the above pull-down results, mutations P455D, E457A, and Y450A abolished or strongly reduced MAVS binding to TRAF6, whereas the Y460E mutant largely retained its TRAF6-binding ability (Fig. 5B) .
MAVS Binding to TRAF6 Is Essential But Not Sufficient for an
Optimal Antiviral Response-As a crucial adaptor, MAVS recruits TRAF6 and other TRAF proteins to activate NF-B and IRF3/7 in response to viral infection. TRAF6 is considered to play a pivotal role in type I IFN production (17, 27) . In addition to the above described MAVS mutants, we constructed two TRAF6 mutants, R392A and F471A, which according to the crystal structure would disrupt TRAF6 interaction with MAVS. To evaluate the functional importance of the individual interface residues of the MAVS-TRAF6 complex, wild type or mutant MAVS/TRAF6 was transiently expressed in HEK293T cells together with an IFN␤ or ISRE luciferase reporter plasmid. We first detected by Western blot the expression levels of the transfected MAVS/TRAF6 to avoid bias in the subsequent luciferase assays (Fig. 6A) . Compared with wild type MAVS, A, an MBP-tagged TRAF6 TRAF domain was coupled on amylose resin and then mixed with different proteins of GST-tagged wild type MAVS T6BM2 or its mutants. Proteins were eluted and loaded to SDS-PAGE and detected by Coomassie Brilliant Blue staining. B, biotinylated TRAF6 TRAF domain was immobilized on SA biosensors and incubated with different proteins of GSTtagged wild type MAVS T6BM2 or its mutants at a concentration of 1,000 nM. Curves, the experimental traces obtained from BLI experiments. which significantly induced IFN␤ and ISRE reporter activities, MAVS mutants P455D, E457A, and Y460A disabled in binding with TRAF6 showed strongly impaired signaling activity (Fig. 6,  B and C) . Notably, these mutations did not completely abolish MAVS-mediated IFN signaling, most likely due to the presence of other E3 ligases, such as TRAF2 and TRAF5, that have redundant roles with TRAF6 (27) . In other words, mutation of T6BM2 would not affect MAVS binding to TRAF2 and TRAF5, which can also signal in IFN response. Meanwhile, the MAVS mutants E155A and E158A that target T6BM1 did not affect IFN␤ or ISRE reporter activity. However, the MAVS mutant Y460E showed significantly reduced signaling activity as measured by IFN␤ and ISRE reporter assays (Fig. 6, B and C) , although its TRAF6-binding ability is comparable with that of wild type MAVS (Fig. 5 ).
Next, we examined antiviral response induced by overexpression of wild type TRAF6 or its mutants. Consistent with a previous study (33), wild type TRAF6 was able to enhance IFN␤ and ISRE reporter activities, whereas the R392A and F471A mutants showed decreased activities, indicating that the MAVS-binding site on TRAF6 is crucial for antiviral signaling (Fig. 6, D and E) .
Finally, we utilized MAVS-deficient (MAVS Ϫ/Ϫ ) MEF cells to further verify our structural and biochemical analyses. As expected, MAVS Ϫ/Ϫ MEF cells did not respond to SeV infection in terms of IFN␤ expression, whereas back transfection of wild type MAVS dramatically enhanced IFN␤ transcription (Fig. 7A) . However, such an effect of MAVS on promoting SeVinduced IFN␤ expression was substantially decreased by the T6BM2-related mutations P455D, E457A, and Y460A, but not by the T6BM1-related mutations E155A and E158A (Fig. 7, A  and B) . Meanwhile, the activity of MAVS mutant Y460E was significantly impaired when compared with wild type MAVS.
Discussion
Previously, the T2/3BM of MAVS was demonstrated to directly bind TRAF3 (30) . Because TRAF6 and TRAF3 recognize different motifs, T2/3BM would not bind TRAF6. Meanwhile, a deletion study suggests that T6BM2 may be more important than T6BM1 in the function of MAVS (16) . Here, we demonstrated that the conserved T6BM2, but not T6BM1 of MAVS, is the major binding site for TRAF6, although two papers (46, 47) reported that T6BM2 was required for TRAF3 binding in a co-immunoprecipitation assay and that mutation of T6BM2 impaired TRAF3 binding and antiviral response.
The consensus sequence of the TRAF6-binding motif has been defined as PXEXX-aromatic/acidic residue (33) . However, unexpectedly, the T6BM1 of MAVS ( 153 PGENSE 158 ) cannot directly interact with TRAF6 (Fig. 1C ). According to the above consensus, residues Pro-153, Glu-155, and Glu-158 of the T6BM1 would have contributed to TRAF6 binding, but other residues could play negative roles and thus block the association of T6BM1 with TRAF6. This observation indicates that the previously defined consensus motif may not be sufficient for binding TRAF6 in certain cases. On the other hand, the ϩ6 position of MAVS T6BM2 ( 455 PEENEY 460 ) is tyrosine 460. This aromatic residue could be replaced with an acidic residue, such as glutamate, as observed for IRAK proteins (33) . Thus, it is expected that substitution of MAVS Tyr-460 with a glutamate would not affect its TRAF6-binding ability. Indeed, mutation Y460E did not disrupt MAVS binding to TRAF6, confirming that an aromatic residue at the ϩ6 position is equivalent to an acidic residue in terms of TRAF6 binding.
Our study clearly indicates that MAVS interaction with TRAF6 via T6BM2 is essential for MAVS-mediated antiviral response. However, substitution of MAVS tyrosine 460 with a glutamate that retains MAVS interaction with TRAF6 is not sufficient for optimal signaling activity, highlighting the functional importance of this tyrosine. Such a discrepancy could be caused by multiple reasons given the distinct nature of tyrosine (neutral) and glutamate (acidic). One possibility is that the local conformation was disturbed by the Y460E mutation so that it is no longer optimal for signaling. An alternative possibility is that posttranslational modification of Tyr-460 is involved in MAVS signaling. For example, tyrosine can be phosphorylated, but glutamate could not. Together, these observations highlight the functional importance of the amino acid Tyr-460 for MAVS activity.
In conclusion, the crystal structure of the MAVS-TRAF6 complex offers insights into the specific interaction mode between MAVS and TRAF6 with atomic details. Our work, together with the crystal structure of the MAVS T2/3BM in complex with TRAF3 (30), indicates that MAVS directly recruits TRAF6 and TRAF3 in parallel through its T6BM2 and T2/3BM, respectively, to activate downstream kinases and transduce antiviral signaling.
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